Abstract-In this paper, we illustrate the benefits of cooperation in cognitive radio. Cognitive (unlicensed) users need to continuously monitor spectrum for the presence of primary (licensed) users. We show that by allowing the cognitive radios operating in the same band to cooperate we can reduce the detection time and thus increase the overall agility. We first consider the case of two cognitive users and show how the inherent asymmetry in the network can be exploited to increase the agility. We then extend our protocol to study multi-user multi-carrier cognitive network. We compare our cooperation scheme with the non-cooperation scheme and derive expressions for agility gain. We show that our cooperation scheme reduces the detection time for the cognitive users by as much as 35% .
I. INTRODUCTION
The concept of software defined radio (SDR) was introduced in [1] . In SDR, the software embedded in a radio cell phone would define the parameters under which the phone should operate in real-time as its user moves from place to place. Cognitive radio (CR) is even smarter than SDR. CR is a radio that is aware of and can sense its environment; learn from its environment; and perform functions that best serve its user. Since the cognitive (unlicensed) users are utilizing the licensed band, they must detect the presence of licensed (primary) users in a very short time and must vacate the band for the primary users. Thus one of the major challenges that confronts this technology is : how do the cognitive (unlicensed) radios sense the presence of the primary (licensed) user? One may expect this to be trivial but as shown in [2] , there are fundamental limits to the detection capabilities of CR networks. In this paper, we show improvement in spectrum sensing capabilities through cooperation between individual cognitive users.
Cooperative networks achieve diversity gain by allowing the users to cooperate [3] [4] . Cooperative schemes with orthogonal transmission in a TDMA system have been recently proposed in [5] and [6] . It has been shown in [5] that two user single hop networks in which one of the user acts as a relay for the other, result in lower outage probabilities. In particular, it is shown that the amplify-and-forward (AF) protocol [5] , in which the relay transmits the signal obtained from the transmitter without any processing, achieves full diversity. In this paper, we show that by allowing the users to cooperate under the AF protocol leads to much higher agility of the cognitive network. Also, we consider only the case where there are utmost two users per carrier and there is centralized scheduling to pair the users. Analysis of decentralized multiuser single-carrier networks can be found in [7] .
The organization of the paper is as follows: In Section II, we formulate the problem for the simple two user case and show that the inherent asymmetry of the network can lead to faster detection with cooperation. We also describe the detector we shall use for detecting the presence of the primary user. In Section III, we develop expressions for asymptotic agility gain for the two user network and show improvement in agility. In Section IV, we extend our results to multi-user multi-carrier networks and state precise conditions under which agility gain is achieved. Finally, in Section V, present our conclusion.
II. PROBLEM FORMULATION
We now describe the channel model of the system we use in the paper. We assume that all users experience Rayleigh fading that is independent from user to user. If a signal sent at the transmitter is x, the received signal y is given by
where h is the fading coefficient modelled as a complex Gaussian random variable and w is additive white Gaussian noise. Unless otherwise mentioned all noise coefficients in this paper are assumed to be with zero-mean and unit-variance.
The main requirement of a cognitive radio architecture is to detect the presence of the primary or licensed users as quickly as possible. For that reason, the cognitive users should continuously monitor the spectrum for the primary (licensed) users. Consider the situation shown in Figure 1 , where two cognitive radio users U 1 and U 2 operating in a fixed TDMA mode for sending data to a common receiver and a primary user starts using the band soon after. Then the two cognitive users need to vacate the band as soon as possible to make way for the primary user. However, the detection time becomes significant if one of the users is in the boundary of decodability of the primary user as shown in Figure 1 . The signal received from the primary user is so weak that the cognitive user U 1 takes a lot of time to sense its presence. In this section, we describe our protocol which employs cooperation to reduce the detection time thereby improving the sensitivity of the cognitive receiver. Throughout the paper, we assume that :
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• The primary user location is known to both U 1 and U 2 .
• Both the users when acting as relays have no transmit power constraint. In [7] , we incorporate power constraint for the relay user and study cooperative detection schemes for multi-user singlecarrier networks.
A. Cooperation Scheme
In Figure 2 , we illustrate the protocol used by U 1 and U 2 to transmit data to some common receiver. We assume a slotted transmission system where U 1 and U 2 transmit in successive slots according to the AF protocol [5] in the same frequency band. Accordingly in time slot T 1 , U 1 transmits and in T 2 , U 2 relays the information of the previous slot. Unknown to both these users, a primary user has started using the band. This primary user must be detected as quickly as possible. At time slot T 1 , U 1 transmits its data. Hence the signal received by U 2 in the time-slot T 1 is given by,
where h pi denotes the channel gain between the primary user and user U i and h ij denotes the channel gain between users U i and U j . In (1), a denotes the message sent from U 1 to the common receiver and θ indicates the presence of the primary user. Hence θ = 1 implies the presence of the primary user and θ = 0 implies its absence. In our cooperation protocol, we allow the user U 1 also to listen during the relay slot T 2 . Thus the signal received by U 1 from U 2 during relay slot is given by
where β refers to the scaling factor [5] used by U 2 to relay the information to the receiver. The scaling factor is usually chosen by U 2 to satisfy its power constraint [5] . In this paper, however, we assume that the relay user has no power constraint. Hence we can choose β as we like. For simplicity, we choose
Throughout the paper, we assume that the channels are reciprocal symmetric, i.e., h ij = h ji . Thus, after the message component is cancelled from the received signal, the user U 1 is left with the signal
where
The detection problem can then be stated as:
the detector decides on
We now utilize a simple energy detector [8] to show advantage of our proposed scheme.
B. Energy Detector
The reasons for choosing energy detector (ED) are twofold: (1) We want to show the effect of cooperation in cognitive networks. Hence the choice of detector is not critical. (2) We model the signal as a random variable with known power. Hence ED is optimal [8] . It can be shown that given h 12 = h 21 , the random variables H and W in (2) are Rayleigh distributed with zero-mean and variances,
and σ
respectively, where h =
|}. Since h 12 is complex Gaussian, it is easily seen that h is exponentially distributed with unity mean and variance. The ED forms the statistics
and compares with a threshold λ which is determined by some prespecified probability of false alarm α. Define
for positive t, a and b. Also let F i (t) denote the cumulative density function (cdf) of the random variable T under hypothesis H i , i = 0, 1. For H 0 it can be shown that,
Similarly, it can be shown that
Hence, for a given probability of false alarm α, we need to find the threshold λ such that
In fact λ can be uniquely determined since ϕ in (5) is strictly decreasing in t. Similarly the probability of detection by U 1 with cooperation from U 2 is found to be
Compared to the non-cooperative case, the average SNR is increased by cooperation provided P 2 > P 1 . From (3) and (4), the instantaneous SNR is given by
Hence the average SNR in case of cooperation is given by
For the non-cooperative case the average SNR is given by
Thus the SNR gain is,
In Figure 3 , we have shown the performance curve of the energy detector with and without cooperation. In the simulation, P 1 = 1 and P 2 = 2.7. Note that we assume that the relay user has no power constraint. Hence in the cooperative mode, the relay terminal adjusts its transmit power so that the channel gain between the users U 1 and U 2 is kept constant irrespective of the position of U 2 . This serves as an upper bound on the performance of cooperation schemes. It can be seen that for the same probability of false alarm, we have higher detection probability through cooperation. This is the effect of cooperation in the network.
III. AGILITY OF THE TWO USER COGNITIVE RADIO

NETWORK
In this section, we determine the time taken by the twouser network described in Section II to detect the presence of the primary user. We show that under the cooperation scheme described in Section II, the average detection time is reduced thus implying an increase in agility.
Let τ n be the number of slots taken by user U 1 in a noncooperative network to detect the presence of the primary user. This detection time τ n can be modelled as a geometric random variable, i.e.,
where p
n denotes the probability of detection by user U i in a single slot under the non-cooperation scheme. For the system model of our paper, it can be shown that
The total time taken by both users to vacate the band can be shown to be
c denotes the detection time for U i under the cooperation scheme described in Section II then from (7) we have p (1) c = ϕ(λ; P 1 + 1, P 2 + 1), where λ satisfies (6). It can be similarly shown that
n and (2) p (2) n > p (2) c . Thus when the primary user location is known, we allow only U 2 to help U 1 and not vice-versa. In that case, the total average detection time of our cooperation scheme is given by
We define the agility gain of our cooperation scheme over the non-cooperation scheme when there are two users as
Note that the agility gain µ(2) is a function of P 1 and P 2 . However, without loss of generality we set P 1 = 1 and consider the agility gain as a function of P 2 alone. It can be shown that as P 2 → ∞, the asymptotic agility gain is given by,
The non-cooperation scheme presented above assumes extremely selfish users. Hence cognitive user U 1 detects the presence of the primary user without the help of U 2 . Also once detected U 1 vacates the band without informing U 2 . Consider now a more practical situation where both the users get informed once either U 1 or U 2 detects the primary user. This is facilitated by transmitting the detection information to the common receiver which in turn informs the other cognitive users. Note that this is a partially cooperative network where the cognitive users still detect the primary user without any cooperation. In such a case, it can be shown that the time taken to vacate the band is given by,
The asymptotic agility gain in this case can be shown to be,
In Figure 4 , we have plotted the agility gain µ n/c (2) of a two user asymmetric network as a function of the asymmetry P 2 for different values of false alarm probability α. As the network becomes more and more asymmetric, agility gain increases. From the figure, we note that for α = 0.1 as much as 35% reduction in detection time is achievable. Hence if one of the cognitive users is very close to the primary user, then we are guaranteed fast detection even if other user is very far away.
IV. MULTIUSER COGNITIVE NETWORK
In this section we assume that there are 2n cognitive users. The total bandwidth B is equally divided into n sub-bands each of bandwidth ∆ n = B n . There are two cognitive users working on each sub-band following the cooperation protocol described in Section II. It must be noted that the primary user, if present, uses the whole bandwidth B. If P 1 denotes the power received from the primary user at cognitive user U 1 when it uses the whole band, the signal power received at U 1
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now is given by P 1 = P1 n . The noise power at U 1 is similarly scaled by a factor of n. Suppose that users U 1 and U 2 form a link in a particular sub-band with U 2 acting as a relay for U 1 . The detection problem for that sub-band is identical to (2) except that
and
where, as before, h denotes the scaled channel gain between the pair of users. Thus the detection problem for multi-carrier networks is similar to that of single-carrier networks except for a scaling factor of n. Hence for a given probability of false alarm α we need to find the threshold λ n such that
It can be easily shown that λ n = λ n where λ is given by (6). Thus for example, the probability of detection by U 1 with cooperation from U 2 is found to be
It follows that the detection probability for a particular user is the same independent of the bandwidth the user is occupying. It can be seen that the probability that the cognitive users in a sub-band detect the primary user under the cooperation scheme and the non-cooperation scheme are given by
respectively. Since U 2 acts as a relay for U 1 and not viceversa, it is obvious that from the discussion in the Section III, p > p . Note that there are n sub-bands occupying the band. For k = 1, 2, ..., n, let p k and p k (< p k ) denote the probability of detection of the k th sub-band to detect the presence of the primary user with and without cooperation respectively. As before we shall consider two cases of non-cooperation:
(i) All the n sub-bands detect and vacate independently of other sub-bands (totally non-cooperative). (ii) The sub-bands detect the primary user independently, but the first sub-band to detect the primary user informs the other sub-bands through a common base station (partially cooperative). In case of (ii), it can be shown that the average number of slots taken for detection under cooperation and non-cooperation are given, respectively, by
Define the agility gain to be Hence for all finite cognitive user population we have agility gain, though, asymptotically, there is little difference between partial cooperation and total cooperation. For the totally non-cooperative network, we shall assume that the probability of detection is equal for all the sub-bands in consideration. Though this is strictly not true, we make this simplifying assumption because we are concerned not in exploiting the asymmetry of the network but the presence of multiple cognitive users. Let p = 1 − q denote the detection probability for all the n sub-bands under the totally noncooperation scheme. It can be shown that the total time taken for detection is then given by
As before, we have defined the agility gain to be
and have proved that
Thus the agility gain grows as ln n. In Figure 5 , we have plotted the agility gain µ n/c (n) of our multi-user multi-carrier cooperation scheme for various values of the probability of false alarm, α. Since α is very small, ln(1 − α) ≈ −α, we see that the agility gain curves are well approximated as µ n/c (n) ≈ ln n α for large n.
V. CONCLUSION
In this paper, we have shown the benefits of cooperation in increasing the agility of cognitive radio networks. We first considered a simple two user cooperative cognitive network and showed improvement in agility by exploiting the inherent asymmetry. We then extended our cooperation scheme to multi-user multi-carrier networks and stated precise conditions under which agility gain is achieved. We analyzed two cooperative schemes employing varying degrees of cooperation : (1) totally non-cooperative, where each user detects the primary user and vacates without informing the other users and (2) partially cooperative, where the first user to detect the primary user informs the other cognitive users through a common base station. We found that for multi-carrier networks, asymptotically there is no difference between the cooperation scheme described in Section II and partially cooperative scheme. Compared to totally non-cooperative scheme, however, the agility gain of our cooperation scheme was found to be Θ(ln n) where n is the number of sub-bands. 
